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Summary 
 
The eddy-covariance technique is the most direct and scale-appropriate method for determining 
fluxes of energy and matter of ecosystems. However, the calculated fluxes often underestimate 
the ‘true’ fluxes, which causes the energy balance closure problem. It is widely recognized that 
the non-consideration of flux contributions of meso-scale structures is the major reason for that 
systematic error, but the current recommendations for the adjustment of the eddy-covariance 
fluxes lack experimental evidence. Since meso-scale fluxes cannot be captured with point 
measurements alone, specific measurement strategies are required. 
The aim of this thesis is to investigate those scales of convective transport that cannot be 
captured with the eddy-covariance technique, by using Doppler lidar, tower and aircraft 
measurements. At first, the principle scales of convective transport in the surface layer are 
determined, with an emphasis on the role of meso-scale structures for near-surface exchange. 
Moreover, the meso-scale flux contributions are calculated, and their partitioning between 
sensible and latent heat is investigated in particular. In addition, potential input variables for 
future parametrizations ought to be found. 
The Doppler lidar measurements provided clear evidence for the presence of meso-scale 
structures in the surface layer. At least two devices are required and they need to be operated 
together in dual-Doppler mode, so that the two-dimensional wind field can be detected. The 
persistent structures that were measured with such a set-up were not directly related to 
landscape heterogeneities, but they represented turbulent organized structures that extended the 
entire boundary layer.  
The airborne data showed that meso-scale structures significantly contribute to the sensible and 
latent heat fluxes in the surface layer. Moreover, the issue of the correct energy balance closure 
adjustment was examined by calculating the meso-scale and small-scale Bowen ratios. The 
meso-scale Bowen ratios were often found to be smaller than the small-scale ones, which 
contradicts assumption of scalar similarity. 
Regarding the parameterization of the energy balance closure, two approaches from the 
literature were not applicable to the surface-layer datasets used in this thesis. In particular, the 
parametrization based on large-eddy simulation suffers from its poor grid resolution close to 
the surface. Nevertheless, several promising input variables for future parametrization 
approaches were found. All datasets confirmed that the energy balance closure improves with 
increasing friction velocity. It can be interpreted as a measure of the relative importance of 
high-frequency turbulence, as inferred from the surface-layer horizontal wind spectra. The 
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meso-scale structures become apparent as low-frequency contributions to the horizontal wind 
spectra, but not to the surface-layer vertical wind spectra. Moreover, the vertical gradients of 
temperature and moisture were correlated with the energy balance residual. These two variables 
have much potential for developing a parametrization since they deliver additional information 
on how to distribute the residual among the sensible and the latent heat flux. In the datasets 
under investigation, the vertical moisture gradients showed a higher correlation with the 
residual than the temperature gradient which again suggests that the latent heat flux is more 
underestimated than the sensible heat flux. 
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Zusammenfassung 
 
Die Eddy-Kovarianz Technik ist der direkteste Weg und für die Beobachtungsskala passendste 
Methode, Energie- und Stoffflüsse von Ökosystemen zu bestimmen. Die hiermit berechneten 
Flüsse unterschätzen jedoch oft die ‚wahren‘ Flüsse, was im sogenannten 
Energiebilanzschließungsproblem deutlich wird. Die Nicht-Berücksichtigung der Flussbeiträge 
mesoskaliger Strukturen wird im Allgemeinen als Hauptgrund für diesen systematischen Fehler 
angeführt. Die gegenwärtigen Vorschläge zur Korrektur der Eddy-Kovarianz Flüsse sind 
jedoch noch nicht experimentell bestätigt. Weil die mesoskaligen Flüsse nicht mit 
Punktmessungen alleine erfasst werden können, sind hierzu besondere Messstrategien 
erforderlich. 
Die vorliegende Arbeit möchte, aufbauend auf Doppler-Lidar-, Turm-, und Flugzeug-
messungen, jene Skalen des konvektiven Transports untersuchen, welche mit der Eddy-
Kovarianz Methode nicht erfasst werden können. Zuerst sollen die Hauptskalen des 
konvektiven Transports in der bodennahen atmosphärischen Grenzschicht bestimmt werden. 
Ein Schwerpunkt wird hierbei auf die Rolle mesoskaliger Strukturen für den bodennahen 
atmosphärischen Austausch gelegt. Außerdem werden die mesoskaligen Flüsse bestimmt und 
dabei insbesondere das Verhältnis von fühlbarem zu latentem Wärmestrom untersucht. Des 
Weiteren sollen potentielle Eingangsvariablen für zukünftige Parametrisierungen gefunden 
werden. 
Die Doppler-Lidare lieferten eindeutige Beweise dafür, dass mesoskalige Strukturen in der 
Bodenschicht vorhanden sind. Mindestens zwei Geräte sind hierzu nötig und müssen 
zusammen im dual-Doppler Modus betrieben werden, damit das zweidimensionale Windfeld 
erfasst werden kann. Die mit diesem Aufbau gemessenen langlebigen Strukturen waren jedoch 
nicht direkt an Heterogenitäten in der Landschaft gebunden, sondern es waren aus der 
Selbstorganisation der Turbulenz entstandene Strukturen, die sich über die gesamte 
Grenzschicht erstrecken. 
Die Flugzeugmessungen zeigten, dass die mesoskaligen Strukturen signifikant zu den fühlbaren 
und latenten Wärmeströmen in der Bodenschicht beitragen. Außerdem wurden die 
mesoskaligen und kleinskaligen Bowen-Verhältnisse berechnet und somit die Frage untersucht, 
wie man die ungeschlossene Energiebilanz korrigieren sollte. Das mesoskalige Bowen-
Verhältnis war oft niedriger als jenes der kleinen Skalen, was der Annahme von skalarer 
Ähnlichkeit widerspricht. 
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Bei der Parametrisierung der Energiebilanzschließung erwiesen sich zwei Ansätze aus der 
Fachliteratur als nicht anwendbar für die in dieser Arbeit verwendeten Datensätze aus der 
Bodenschicht. Insbesondere mangelt es jener Parametrisierung, die auf Large-Eddy-Simulation 
beruht, an einer ausreichenden Gitterauflösung des Modells nahe dem Boden. Nichtsdestotrotz 
wurden einige vielversprechende Eingangsgrößen für zukünftige Parametrisierungsansätze 
gefunden. Alle Datensätze bestätigten eine bessere Schließung der Energiebilanz mit 
zunehmender Schubspannungsgeschwindigkeit. Diese kann als Maß für die relative Bedeutung 
hochfrequenter Turbulenz interpretiert werden, was sich aus den Horizontalwindspektren der 
Bodenschicht folgern lässt. Dort rufen mesoskalige Zirkulationen erhebliche niederfrequente 
Beiträge hervor, jedoch nicht in den Vertikalwindspektren der Bodenschicht. Des Weiteren 
wurden die vertikalen Gradienten der Temperatur und Luftfeuchte mit dem 
Energiebilanzresiduum korreliert. Diese zwei Größen weisen ein besonderes Potenzial für die 
Entwicklung einer Parametrisierung auf, weil sie zusätzlich einen Hinweis dafür liefern, wie 
das Residuum auf den fühlbaren und latenten Wärmestrom aufgeteilt werden soll. In den 
untersuchten Datensätzen wiesen die vertikalen Feuchtegradienten eine stärkere Korrelation 
mit dem Residuum auf als der Temperaturgradient, was erneut nahelegt, dass der latente 
Wärmestrom stärker unterschätzt wird als der fühlbare Wärmestrom.  
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u
*
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vr radial velocity component, line-of-sight velocity component [m s
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w vertical wind component [m s-1] 
w
*
 convective velocity scale after Deardorff (1972) [m s-1] 
x Cartesian coordinate, horizontal, in along-wind direction [m] 
y Cartesian coordinate, horizontal, in cross-wind direction [m] 
z Cartesian coordinate, vertical [m] 
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ζ0 surface value of scalar quantity [*] 
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θ potential temperature [K] 
θ0 potential temperature at the surface [K] 
λ heat of vaporization [m s-2] 
 
* dimension depends on quantity 
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1. Introduction 
 
The atmospheric boundary layer (ABL) is the lowest part of the atmosphere that responds to 
surface forcings within a timescale of several tens of minutes (Stull 1988). Since the solar 
energy that reaches the surface of the earth is the primary energy source for terrestrial 
ecosystems and the atmosphere, near-surface atmospheric transport processes are of major 
importance for weather, hydrology and biogeochemistry. In particular, global change has drawn 
much attention to the investigation of ecosystem-atmosphere interactions. Surface fluxes of 
energy and trace gases are subject of process-oriented ecosystem research and they are key 
input variables for atmospheric models. However, for conducting accurate atmospheric flux 
measurements, a thorough understanding of the structure and the dynamics of the near-surface 
ABL is required. 
 
 
1.1 Turbulence in the homogeneous convective boundary layer 
 
In this thesis, the convective ABL is considered. It is conceptually divided into three layers 
(Stull 1988; Wyngaard 2010): the surface layer, the mixed layer and the entrainment zone or 
interfacial layer. The surface layer represents approximately the lowest 10% of the boundary 
layer, where vertical turbulent fluxes do not change with height. The mixed layer is the well-
mixed bulk of the convective boundary layer, where wind speed and conserved variables are 
constant with height. Finally, the entrainment zone constitutes the transition zone from the ABL 
to the free atmosphere. 
The flow in the ABL, unlike in the free troposphere, is turbulent and characterized by irregular 
local motions, so-called eddies (Batchelor 1950). Since the set of equations describing turbulent 
flow is not closed, it has to be investigated using phenomenological classifications, stochastic 
approaches and similarity theories (Stull 1988). Above homogeneous and flat terrain, 
turbulence in the stationary surface layer follows Monin-Obukhov similarity theory (Monin and 
Obukhov 1954), with the friction velocity u
*
, the surface heat flux 0 w , the buoyancy 
parameter g/θ0 and the height z as governing parameters (Wyngaard 2010).  
Under these idealized conditions, the surface-layer spectra exhibit a well-defined shape. The 
frequency range around the spectral peak at about 100 s denotes the energy-containing eddies, 
where turbulence receives its energy from shear and buoyancy forces (Tennekes and Lumley 
1972; Stull 1988). The turbulent energy is transferred to smaller eddies until energy is dissipated 
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into heat on the molecular scale, which becomes apparent as an −5/3-power law in the high-
frequency inertial subrange (Obukhov 1941; Kolmogorov 1941). In the low-frequency range 
left to the spectral peak, there is little spectral energy, a so-called spectral gap, which separates 
the turbulent motions from the diurnal and synoptic motions (Fig. 1). 
However, in contradiction to Fig.1, the horizontal wind components often exhibit significant 
contributions from convective coherent structures (Kaimal et al. 1972, 1976; Panofsky et al. 
1977; Kaimal 1978; Højstrup 1981). Those follow mixed-layer similarity with 0 w , g/θ0, z 
and the ABL height zi as scaling parameters, if entrainment is negligible (Wyngaard 2010). 
They are also called turbulent organized structures (Kanda et al. 2004) and exhibit time scales 
in the order of tens of minutes. 
 
 
1.2 The eddy-covariance technique 
 
During the last decades, networks of eddy-covariance (EC) systems were established 
(Baldocchi et al. 2001; Zacharias et al. 2011). It is the method of choice for quantifying energy 
and trace gas fluxes on the ecosystem scale, since it does not disturb the target area and it 
operates on the appropriate scale (Baldocchi 2003). The measured fluxes are widely used in 
environmental research, e.g. to validate models (Chen et al. 2005) and remote sensing 
techniques (Heinsch et al. 2006) or for determining physical constraints on hydrology (Wilson 
Fig. 1Horizontal wind speed spectra at approximately 100 m a.g.l. measured at the meteorological tower 
of the Brookhaven National Laboratory (Van der Hoven 1957) 
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et al. 2001) and carbon balance (Reichstein et al. 2007). In the following, a brief description of 
the EC technique and the underlying assumptions is provided.  
Due to the spectral gap that separates turbulence from the mean flow (Fig. 1), atmospheric 
signals can be decomposed into a mean and a turbulent part, known as Reynolds decomposition 
(Reynolds 1894). After applying some first simplifications (Businger 1982; Foken 2008a), the 
kinematic flux Fζ of any scalar quantity ζ across the ecosystem-atmosphere interface, measured 
at a height zm is  
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where overbars indicate temporal means and primes the corresponding turbulent fluctuations 
(Foken et al. 2012a).  
For measurements near the surface, under stationary conditions and without any significant 
sources or sinks of ζ between the measurement height and the surface, storage (term II) can be 
neglected. Terms III and V represent horizontal advection and horizontal flux divergences that 
are insignificant for a horizontally homogeneous flow field. Furthermore, large-scale 
subsidence is neglected, so that vertical advection (term IV) can be disregarded. If all these 
conditions are satisfied, Eq.1 simplifies to 
 
.
mz
wF            (2) 
 
Thus, the flux of ζ between the surface and the atmosphere is equal to the covariance of w and 
ζ at the measurement height. The averaging timescale is usually 30 min (Foken et al. 2012b) 
and according to Eq. 2, only the turbulent fluctuations contribute to the flux. Moreover, the 
ergodic hypothesis is assumed, i.e. the temporal average from a single point in space is 
representative of the ensemble average (Wyngaard 2010). 
 
Introduction 
 
4 
 
1.3 Heterogeneous terrain and the energy balance closure problem 
 
A series of assumptions are invoked so that the turbulent flux at a certain measurement height 
above ground is identical to the flux at the surface. However, it was found that the EC technique 
systematically underestimates the true surface fluxes. This became evident as the energy 
balance closure problem, meaning that the energy balance ratio R,  
 
GS
EH
QQ
QQ
R



*
         (3) 
 
is usually smaller than unity (Desjardins 1985; Tsvang et al. 1991; Kanemasu et al. 1992; Twine 
et al. 2000; Wilson et al. 2002; Hendricks-Franssen et al. 2010; Stoy et al. 2013). 
Instrumental issues (Nakai et al. 2006; Kochendorfer et al. 2012; Horst et al. 2015) or the 
violation of the underlying assumptions (Finnigan et al. 2003; Aubinet et al. 2003; Foken 
2008b; Foken et al. 2011; Leuning et al. 2012) were discussed as potential causes for the non-
closure of the energy balance. In particular, the condition of horizontal homogeneity is hardly 
ever satisfied under field conditions. Differences in surface properties, such as surface 
roughness, albedo, surface moisture, surface temperature and topography, induce secondary 
circulations that do not move in space (Mahfouf et al. 1987; Dalu and Pielke 1993; Shen and 
Leclerc 1995; Patton et al. 2005; Sühring and Raasch 2013; Kang and Lenschow 2014). 
Accordingly, advection and horizontal flux divergences (terms III – VI in Eq.1) become 
significant, but these terms cannot be captured with an EC system. Consequently, the missing 
flux contributions from secondary circulations cause a systematic underestimation of the 
turbulent fluxes (Lee and Black 1993; Mahrt 1998; Foken 2008b). Similarly, turbulent 
organized structures with timescales larger than the averaging time of the EC method could be 
a reason for the non-closure of the energy balance (Laubach and Teichmann 1999; Sakai et al. 
2001; Finnigan et al. 2003; Foken et al. 2006; Charuchittipan et al. 2014). Since secondary 
circulations or turbulent organized structures usually have spatial scales of the meso-γ regime 
(Orlanski 1975), they are often simply called “meso-scale structures”. 
As a consequence, the measured EC fluxes need to be adjusted. The current recommendation 
is to distribute the missing energy among sensible and latent heat according to the measured 
Bowen ratio (Twine et al. 2000; Foken et al. 2012b). However, other studies found that it should 
be completely added to the latent heat flux (Falge et al. 2005; Wohlfahrt et al. 2010), or to the 
sensible heat flux (Ingwersen et al. 2011), or it should be distributed according to ratio of the 
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sensible heat flux to the buoyancy flux (Brötz et al. 2014; Charuchittipan et al. 2014). Thus, 
there is still no conclusive finding about how to adjust the EC fluxes. 
 
 
1.4 Measurement approaches for detecting meso-scale structures 
 
This thesis investigates the hypothesis that meso-scale structures are a major reason for the 
unclosed energy balance. This requires showing their existence in the surface layer and 
evaluating their flux contributions. Point measurements, even using multiple-tower setups, are 
not suitable for detecting advection (Aubinet et al. 2010) or meso-scale circulations. Instead, 
the turbulent flow field needs to be resolved in space.  
This can be achieved with a scanning Doppler lidar. A Doppler lidar emits pulsed laser light in 
the near-infrared range, and detects its frequency shift caused by the movement of air particles 
(Werner 2005). From this frequency shift, the velocity component along the line-of-sight of the 
lidar beam is calculated, the so-called radial velocity. The Doppler lidars applied in this thesis 
allowed scanning the whole half-sphere above the devices. The turbulent wind field of the ABL 
was resolved at a spatial resolution in the order of tens of metres and at a temporal resolution 
of seconds to tens of seconds. 
Moreover, airborne platforms offer the possibility to sample atmospheric variables along their 
flight track. Hence, an airplane can fly “through” secondary circulations and coherent structures 
and deliver their spatial extent and their flux contributions. This can be achieved with spectral 
analysis tools, e.g. the wavelet technique (Mauder et al. 2007). With respect to point 
measurements, it also possible to detect low-frequency motions with timescales > 30 min with 
spectral analysis, but only if these structures move in space. 
 
 
1.5 Objectives of the thesis 
 
The main objective of this thesis is to extract those scales of convective transport that cannot 
be captured with the eddy-covariance technique and to investigate their role for ecosystem-
atmosphere exchange. In particular, the following three specific objectives were pursued:  
(i) investigate whether turbulent organized structures with time scales > 30 min and 
heterogeneity-induced secondary circulations reach down into the surface layer; 
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(ii) quantify the flux contributions of these structures in order to show how the missing 
energy of the EC method should be distributed between sensible and latent heat; 
(iii) find parameters that could be suitable for developing a parameterization of the 
energy balance closure. 
All these objectives are addressed by three individual publications presented in Appendices B-
D of this thesis.  
Eder et al. (2014, Appendix B) test two existing parameterizations of the energy balance closure 
by Huang et al. (2008) and Panin and Bernhofer (2008) using airborne and tower measurements. 
Primarily, this study is concerned with objective (iii) by evaluating which of the proposed 
parameters are applicable to the surface-layer datasets. Moreover, the work of Mauder et al. 
(2007) is revisited, where meso-scale flux contributions using the same airborne dataset were 
already calculated. Eder et al. (2014) now focus on the ratio of sensible heat to latent heat carried 
by meso-scale structures. Assuming that these fluxes are not captured by EC systems, this 
analysis ought to show how the missing energy is distributed among the sensible and the latent 
heat flux, which addresses objective (ii).  
Eder et al. (2015a, Appendix C) present a comprehensive dataset from single- and dual-Doppler 
lidars, towers and a microwave radiometer. The Doppler lidar data are analyzed with regard to 
objective (i), by searching for temporarily persistent patterns in the horizontal and vertical wind 
components. Objective (ii) is addressed with measurements from a passive microwave 
radiometer. Vertical temperature and moisture gradients in the atmospheric boundary layer 
derived from this instrument serve as indicators for the partitioning of the meso-scale flux 
contributions. This is closely connected to a correlation analysis that refers to objective (iii): 
Eder et al. (2015a) investigate the relation of the energy balance residual to atmospheric 
parameters that could be useful for parameterizing the energy fluxes that are not captured with 
EC systems. 
Finally, Eder et al. (2015b, Appendix D) show the results of a measurement campaign at the 
Yatir forest in Israel, a planted pine forest that is surrounded by semi-arid shrubland. Due to the 
strong differences in surface buoyancy fluxes, this site is ideal for investigating heterogeneity-
induced circulations. According to objective (i), it is attempted to detect a stationary secondary 
circulation between the forest and the semi-arid shrubland using lidar measurements and large-
eddy simulation (LES). Moreover, Eder et al. (2015b) compare the different energy balance 
ratios in the forest and the desert with the low-frequency contributions to the wind spectra of 
the sonic anemometers, which is related to objective (iii).   
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2. Experiments and Datasets 
 
The three individual papers of this thesis (Appendices B, C, D) use data from four different 
datasets that were collected above the Canadian boreal forest, in a flat agricultural area in the 
West of Germany, in pre-alpine grasslands in southern Germany and in a semi-arid forest region 
in Israel. The predominant part of these measurements were conducted during the research 
activities of the Helmholtz Young Investigator Group led by M. Mauder “Capturing all relevant 
scales of biosphere-atmosphere exchange – the enigmatic energy balance closure problem”, 
which is funded by the Helmholtz-Association through the President’s Initiative and 
Networking Fund, and by the Karlsruhe Institute of Technology (KIT). The paper presented in 
Appendix B uses data from the German Terrestrial Environmental Observatories (TERENO) 
programme that were collected at the Institute of Atmospheric Environmental Research (IMK-
IFU) of the KIT, and aircraft data from the Boreal Ecosystem-Atmosphere Study (BOREAS) 
project and the Boreal Ecosystem Research and Monitoring Sites (BERMS) programme that 
were provided by R.L. Desjardins from Agriculture and Agri-Food Canada and Ian MacPherson 
from the National Research Council of Canada. The paper in Appendix C contains an analysis 
of an extensive Doppler lidar-, radiometer- and tower-based dataset that was obtained in the 
framework of the High Definition Clouds and Precipitation (HD(CP)²) project, during the 
“HD(CP)² Observational Prototype Experiment” (HOPE) in close collaboration with T. Damian 
and K. Träumner from the Institute of Troposphere Research (IMK-TRO) of the KIT and M. 
Schmidt and A. Graf from the Agrosphere Department (IBG-3) of the Jülich Research Centre. 
Finally, the paper in Appendix D uses a lidar and tower-based dataset that was collected during 
a measurement campaign initiated by H. P. Schmid and D. Yakir as a cooperation of the 
KIT/IMK-IFU and the Department of Earth and Planetary Sciences (EPS) of the Weizmann 
Institute of Science at the Yatir forest in Israel. In the following, a short description of the 
respective datasets will be given. 
 
 
2.1 TERENO Alpine/Pre-Alps Observatory, southern Germany 
 
The TERENO programme (Zacharias et al. 2011) that is funded by the Helmholtz Association 
and the Federal Ministry of Education and Research (BMBF) is designed to observe the effects 
of global change on terrestrial environmental ecosystems on the regional level. For this purpose, 
three research stations were established in the Bavarian Alps/pre-Alps Observatory at 
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Graswang (47.57°N, 11.03°E), Rottenbuch (47.72°N, 10.97°E) and Fendt (47.82°N, 11.06°E), 
along an altitudinal gradient in the Ammer catchment in southern Germany. The landuse types 
of the Ammer catchment comprise settlements, grassland, arable land and forests and the terrain 
is hilly up to mountainous (Eder at al. 2014, Appendix B). At these three sites, the KIT/IMK-
IFU operates three surface energy balance stations above managed grassland. For calculating 
the surface energy balance, data from a CNR 4 net radiometer (Kipp & Zonen, The 
Netherlands), a CSAT-3 sonic anemometer-thermometer (Campbell Scientific Inc., USA) and 
LI-7500 or LI-7200 infrared gas analyzers (LI-COR Biogeosciences, USA) were used. The 
ground heat fluxes were determined from HFP01SC soil heat flux plates (Hukseflux Thermal 
Sensors B.V, The Netherlands), from M-107 soil temperature probes (Campbell Scientific Inc., 
USA) and from soil water content measured with CS616-L time domain reflectometers 
(Campbell Scientific Inc., USA) according to a calorimetric approach (Liebethal et al. 2005). 
A more detailed description of the measurement setup can be found in Zacharias et al. (2011). 
The sensible and latent heat fluxes were calculated using the EC technique with the software 
package TK3.1 (Mauder and Foken 2011) according to the post-processing strategy presented 
in Mauder et al. (2013). Moreover, CL51 ceilometers (Vaisala Ovj., Finland) are installed next 
to the EC towers. A ceilometer is a lidar that continuously measures profiles of the attenuated 
atmospheric backscatter intensity. From the backscatter profiles, the ABL height was 
determined with the gradient method (Emeis et al. 2007, 2008), which was done with the 
software ‘BL_Matlab’ provided by C. Münkel from Vaisala. 
 
 
2.2 BOREAS and BERMS, Canada 
 
During the BOREAS project (Sellers et al. 1997) from May to September 1994 and the BERMS 
programme (Barr et al. 2002) in April 2002, the Twin Otter Research Aircraft of the Canadian 
National Research Council (NRC) conducted 20 flights in the Candle Lake area in 
Saskatchewan, Canada. The flight track was located along a transect between 53.57°N, 
106.40°W and 53.98°N, 104.29°W. The aircraft overflew the boreal forest and three major lakes 
in flat terrain, at approximately 30 m a.g.l. at a ground speed of 60 m s-1. Aboard the aircraft, 
the wind vector was determined from a 858AJ28 5-hole probe (Rosemount Inc., USA) in 
combination with a LTN-90-100 inertial reference system (Litton Industries, USA), the air 
temperature with a 102DJ1CG heated probe (Rosemount Inc., USA) and the water vapour 
mixing ratio with a LI-6262 infrared gas analyzer (LI-COR Biogeosciences, USA) at a 
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frequency of 16 Hz during BOREAS and 32 Hz during BERMS. This high measurement 
frequency allows calculating the turbulent fluxes of sensible and latent heat using the EC 
technique. For the study presented in Appendix B, the turbulent heat fluxes were determined 
using the wavelet transform based on the algorithm of Torrence and Compo (1998). The applied 
wavelet package was developed by B. Trancón y Widemann. Short introductions to the wavelet 
transform are given in Mauder et al. (2007) and Eder et al. (2014, Appendix B).  
 
 
2.3 HOPE, western Germany  
 
The HD(CP)² research initiative that is funded by the German Federal Ministry of Education 
and Research (BMBF) aims to improve the understanding about cloud and precipitation 
processes and to build a high-resolution atmospheric model for Germany. For providing a 
comprehensive dataset, especially for delivering information on sub-grid variability on clouds 
and precipitation in the convective ABL, the HOPE project was conducted in the west of 
Germany, in the catchment of the river Rur and close to the Jülich Research Centre, in April 
and May 2013. The topography is flat, except for the intensive surface mining areas, and the 
landuse types mainly comprise settlements and agricultural land. During the measurement 
campaign, a large number of ground-based remote sensing measurements and surface energy 
balance stations were installed in the area, including the KIT-Cube facility of KIT/IMK-TRO. 
For the paper presented in Appendix C, data from three scanning Doppler lidars, one radiometer 
and two surface energy balance stations were used. Two Doppler lidars (Wind Tracer, 
Lockheed Martin, USA) were operated in dual-Doppler mode using a scan strategy optimized 
for detecting coherent structures (Stawiarski et al. 2013; Stawiarski 2014; Träumner et al. 
2014). The third Doppler lidar (Streamline, Halo Photonics, UK) performed range-height 
indicator (RHI) scans, i.e. the lidar measured at different elevation angles, but at the same 
azimuth angle. Moreover, a HATPRO radiometer (RPG Radiometer Physics GmbH, Germany) 
was operated next to one Wind Tracer system and recorded vertical profiles of potential 
temperature and relative humidity. The two surface energy balance stations at Merzenhausen 
(50.93°N, 6.30°E) and Selhausen (50.87°N, 6.45°E) were located above winter wheat and their 
instrumentation was very similar to the TERENO stations of the Bavarian Alps / Pre-Alps 
Observatory (Sect. 2.1). The post-processing of the EC data was done with TK3.1. Further 
information on the research site, the measurement setup, the measurement strategy and the post-
processing can be found in Eder et al. (2015, Appendix C). 
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2.4 Yatir forest, Israel 
 
From 21 August to 10 September 2013, ground-based lidar and EC measurements were carried 
out by KIT/IMK-IFU and the Weizmann Institute of Science (Eder et al. 2015b, Appendix D). 
The measurements took place in the Yatir forest (31.35°N, 35.05°E) and the surrounding semi-
arid shrub land (31.32°N, 34.98°E). The Yatir forest is a planted pine forest dominated by Pinus 
halepensis and covers an area of about 2800 ha (Grünzweig et al. 2003; Rotenberg and Yakir 
2011). Since the campaign took place more than 6 months after the last rain event in the area, 
the site in the semi-arid shrub land was almost free of vegetation and will be called the “desert” 
site for simplicity. The campaign aimed at quantifying the surface heat flux differences between 
the forest and the desert, investigating the effects on the local ABL height, and clarifying 
whether the differences in surface heat flux induce a secondary circulation. For this purpose, a 
Streamline Doppler lidar was deployed next to a meteorological tower in the Yatir forest that 
was equipped with a R3-50 sonic anemometer-thermometer (Gill Instruments, UK), a LI-7000 
infrared gas analyzer (LI-COR Biogeosciences, USA), two CM21 pyranometers (Kipp & 
Zonen, The Netherlands) and two PIR pyrgeometers (The Eppley Laboratory Inc., USA). The 
sonic anemometer and the inlet of the gas analyzer were mounted at a height of 8 m above the 
canopy top, the radiation sensors at 5 m above the canopy top (Rotenberg and Yakir 2011). The 
Doppler lidar was located at the forest floor. It was continuously pointing vertically except for 
the velocity-azimuth display (VAD) scans that were performed every 30 minutes in order to 
measure the horizontal wind profile. Moreover, a CL51 ceilometer and a mobile meteorological 
tower system with similar equipment like the forest tower were deployed at the desert site. The 
measurement height of the EC system at the desert site was 6 m a.g.l. Further information on 
the measurement campaign can be found in Eder et al. (2015b). 
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3. Results and Discussion 
 
3.1 Detection of meso-scale structures with scanning Doppler lidars 
 
EC measurements on meteorological towers are point measurements that rely on the condition 
that turbulent structures are brought by the mean wind during the observation period, assuming 
Taylor’s frozen turbulence hypothesis (Taylor 1938). As a result, stationary or slowly-moving 
meso-scale circulations cannot be captured completely. In order to detect such structures, the 
turbulent flow field in the atmospheric boundary layer needs to be resolved in space and time. 
This can be achieved with scanning Doppler lidars (Sect. 1.4). 
The wind components measured with Doppler lidars contain information about the mean wind, 
meso-scale circulations and small-scale turbulence. The small-scale turbulence causes high-
frequency fluctuations, and the meso-scale circulations cause persistent spatial deviations from 
the mean wind (Kanda et al. 2004). Accordingly, to extract the meso-scale structures, the 
retrieved velocity fields were averaged in time in order to eliminate the high-frequency modes. 
Afterwards, the mean component was removed from the averaged velocity field, e.g. by 
subtraction. This approach that corresponds to the rationale of the triple decomposition 
(Wilczak 1984) and was applied to the single- and dual-Doppler measurements. 
 
 
3.1.1 Single Doppler lidar 
 
The simplest way to operate a Doppler lidar is to make it point vertically, which yields profiles 
of the vertical wind component with the maximum temporal resolution. Stationary meso-scale 
circulations should appear as persistent up- or downdrafts above the device. This approach was 
tested by Eder et al. (2015b, Appendix D) during the measurement campaign at the Yatir forest 
in Israel (Sect. 2.4). There, the forest surface creates about 220-290 W m-2 higher surface 
buoyancy fluxes than the adjacent desert due to its low albedo and its increased surface 
roughness, which Rotenberg and Yakir (2010) called the ‘canopy convector effect’. These flux 
differences are supposed to create a quasi-stationary secondary circulation between the forest 
and the desert. Above the forest centre, where the Streamline Doppler lidar was installed, a 
persistent updraft was expected. It was defined as a mean vertical wind component > 0.5 m s−1 
for a time period of at least 3 h over a height range > 500 m. However, a persistent updraft was 
found only on 5 of the 16 measurement days. In order to clarify why no clear evidence for a 
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secondary circulation was found on every day, a LES of the area (Fig. 2) was performed using 
the PArallelized Large-eddy simulation Model for atmospheric and oceanic flows (PALM), 
version 3.9 (Raasch and Schröter 2001; Maronga et al. 2015). The Yatir forest was represented 
by a rectangular triangle, the difference between forest and desert was encoded in different 
surface fluxes and roughness lengths, and the topography was neglected (Eder et al. 2015b, 
Appendix D). Without background wind, the simulation shows a strong persistent vertical 
updraft above the forest centre (Fig. 2a). With realistic background wind (6 m s-1), only weak 
updrafts appear (Fig. 2b). In particular, the strongest updrafts occur approximately 5 km 
downwind of the forest centre, i.e. the lidar measurements were probably conducted at the 
wrong location in order to capture these motions. Moreover, the spatial structure of the vertical 
wind component is dominated by turbulent organized structures that are not related to the 
surface heat flux heterogeneities. Without background wind, cell-like structures with updrafts 
at the border lines, so-called Bénard cells (Rayleigh 1916) appear, that are typical for open-cell 
convection (Schmidt and Schumann 1989; Träumner et al. 2014). With background wind, 
parallel bands of up- and downdrafts can be recognized, that are traces of horizontal roll 
structures (Etling and Brown 1993; Maronga and Raasch 2013). As a result, simple vertical 
measurements with a Doppler lidar are not ideal for detecting secondary circulations, since the 
device has to be located at the exact location of the up- or downdrafts. Moreover, a vertical 
profile is still a one-dimensional measurement, and the lidar does not deliver reliable data within 
the first 80 m, so that near-surface measurements are not possible.  
However, scanning lidars offer a variety of measurement strategies. During the HOPE 
campaign (Sect. 2.3), RHI scans were performed in order to get vertical cross-sections of the 
lower part of the ABL. A complete scan took about 40 seconds and the obtained radial velocity 
fields were averaged over 30 min. Then, the spatial deviations of the radial velocities from the 
space-time averaged wind speed were calculated. Fig. 3 shows an example from 28 April, 1230-
1300 UTC. A convergence zone is located at a distance of 750 m from the lidar. Thus, a 
stationary circulation was detected that reached deep into the surface layer, at least down to 15 
m a.g.l., and there is no indication that the circulation got less intense in the surface layer. In 
contrast, the largest amplitude of the radial velocities occurred close to the surface. However, 
such strong persistent patterns were not frequently observed, probably to the limited field-of-
view of the lidar and because the RHI-scan has to be exactly orientated relative to the mean 
wind direction. Moreover, the radial velocity component contains information about both the 
vertical and the horizontal wind components which complicates the interpretation. For 
disentangling at least two wind components, an additional lidar is needed. 
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3.1.2 Dual-Doppler lidar 
 
Fig. 3 30-min averages of the deviations of the radial velocity vr
'' from the space-time averaged wind, 
measured with the Streamline Doppler lidar during HOPE on 28 April 2013, 1230 – 1300 UTC; the 
black dots indicate the respective centres of the range gates, i.e. the measurement points (Eder et al. 
2015a, modified) 
 
Fig. 2 Large-eddy simulation of the atmospheric boundary layer above the Yatir forest area: 30-min 
average of the vertical wind component w at 0.6 zi with a prescribed background wind of 0 m s-1 (a) and 
6 m s-1 (b) from North-West after 3 h of simulation; the thick black triangle indicates the Yatir forest, 
i.e. the area with increased surface roughness and increased surface heat flux (Eder et al. 2015b, 
modified) 
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In order to overcome the problems regarding the interpretation of radial velocities, two lidars 
can be combined in order to measure the two-dimensional wind field in a plane. During HOPE, 
the IMK-TRO operated two Doppler lidars in Dual-Doppler mode and resolved the horizontal 
wind field in a slightly tilted horizontal plane at 40-120 m a.g.l, i.e. in the surface layer. The 
flow fields were averaged over 30 min and from the averaged patterns, the convergence of the 
horizontal wind field, 
 
  






dy
dv
dx
du
vu         (4) 
 
was calculated (Eder et al. 2015a, Appendix C). On 7 April 2013, 1130-1200 UTC, a low-wind 
case, thin convergence lines and wide divergence zones were found (Fig. 4a). Above the 
convergence lines, the vertically-pointing Streamline lidar detected a persistent updraft (Fig. 
4b) which indicates that these stationary circulations extended up to ABL top. The observed 
pattern is known as open-cell convection (Sect. 3.1.1) that is typical for free-convection 
conditions. 
However, pure open-cell convection was only observed on 7 April 2013. Usually, in the 
presence of background wind, parallel bands of high and low wind speed were found in the 
surface layer (Eder et al. 2015a, Appendix C) that could be traces of horizontal roll structures 
similar to those displayed in Fig. 2b. In Eder et al. (2015a, Appendix C), an example from 16 
April 2013 is presented. The roll structures and the convective cells were not bound to 
heterogeneities of the surrounding landscape, since they did not predominantly appear at 
specific locations. Accordingly, the persistent surface-layer patterns that were observed during 
the HOPE campaign were most likely turbulent organized structures generated by the self-
organizing tendency of geophysical flows (Holmes et al. 1996), but not heterogeneity-induced 
circulations. 
 
 
3.2 Meso-scale flux contributions 
 
As already mentioned (Sects. 1.3 and 1.4), the energy fluxes that are carried with the meso-
scale motions cannot be captured with point measurements. However, an airborne platform 
moves in space and is able to sample meso-scale fluxes along its flight track. But, the flight 
track needs to be at least 10 times longer than the largest eddies in order to deliver robust flux 
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estimates (Lenschow and Stankov 1986; Lothon et al. 2007). The Candle Lake runs of the Twin 
Otter research aircraft (Sect. 2.2) were about 115 km long, which is sufficient for this purpose. 
Mauder et al. (2007) calculated the turbulent fluxes from the airborne data of BOREAS and 
BERMS using the wavelet technique. Pursuing this approach, Eder et al. (2014, Appendix B) 
determined the meso-scale flux contributions by integrating over those wavelet coefficients that 
were associated with scales > 2 km. This cut-off wavelength was suggested by Williams (1996) 
and Strunin and Hiyama (2005), and Mauder et al. (2007) confirmed a spectral gap (cf. Fig. 1) 
in the wavelet cospectra around a wavelength of 2 km. In this manner, considerable low-
frequency transport could be detected with the airborne measurements. For 15 of the 20 aircraft 
flights, the meso-scale flux contribution was between 9% and 14%, which corresponds well to 
the mean non-closure of the energy balance of the EC sites in the area (Barr et al. 2012). 
Fig. 4 (a) 30-min averages of convergence in the horizontal flow field around Selhausen measured with 
two Doppler lidars in dual-Doppler mode on 7 April 2013, 1130-1200 UTC; the arrows show the 
horizontal wind vector, the colors show convergences and divergences, the black dot indicates the 
location of the additional Streamline lidar and the black cross indicates the location of the eddy-
covariance station of Selhausen; (b) the vertical wind component w measured with the Streamline wind 
lidar during the same 30-min period (Eder et al 2015a, modified) 
 
Results and Discussion 
 
16 
 
Then, the meso-scale flux partitioning among sensible and latent heat was compared to the 
small-scale (< 2 km) flux partitioning. If the Bowen-ratio was around unity, the Bowen-ratio of 
the meso-scale structures was similar to the Bowen-ratio of the small-scale turbulence (Fig. 5). 
However, for many cases with Bowen-ratios further away from unity, different small-scale and 
meso-scale Bowen ratios were found and the meso-scale Bowen-ratio was often smaller. In 
these cases, the meso-scale structures transported relatively more latent heat than the small-
scale structures. Let us assume that these meso-scale fluxes were not captured by an EC station, 
and the energy balance would be corrected with the measured small-scale Bowen-ratio 
according to Twine et al. (2000). Then, the corrected latent heat fluxes would underestimate the 
‘true’ latent heat fluxes, and the corrected sensible heat fluxes would be overestimated. 
However, under the assumption that the energy balance closure is about 90%, the resulting 
relative error of the flux estimates for all flights would be less than 6% (Fig. 5). 
Studies above rural landscapes in central Europe reported that the sensible heat flux might be 
more sensitive to an underestimation (Ingwersen et al. 2011; Charuchittipan et al. 2014; Brötz 
et al. 2014), which contradicts the findings from the BOREAS and BERMS dataset. This can 
be probably explained by the properties of the research area. The airborne measurements were 
conducted above a boreal forest with the lake-land boundaries as dominant heterogeneities. As 
a consequence, the meso-scale surface moisture differences are stronger than the meso-scale 
surface temperature differences which implicates stronger meso-scale latent heat fluxes. 
During the HOPE campaign (Sect 2.3), the meso-scale flux partitioning was evaluated 
indirectly using the vertical gradients of potential temperature and specific humidity (Eder et 
al. 2015a, Appendix C), which will be discussed in Sect. 3.3.3. 
 
 
3.3 Parameters related to the energy balance closure 
 
3.3.1 Evaluation of existing parametrizations 
 
The third goal of this thesis is to find variables that are suitable for developing a 
parameterization of the energy balance closure. At first, Eder et al. (2014, Appendix B) tested 
two approaches from the literature using the airborne measurements during BOREAS and 
BERMS (Sect. 2.2) and the EC data from the TERENO sites of the Alpine/Pre-Alps 
Observatory (Sect. 2.1). The goal of this analysis was to find out whether the existing 
approaches could help to develop a robust parametrization. 
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According to the approach of Huang et al. (2008), the non-closure of the surface energy balance 
is caused by turbulent organized structures, which is in accordance with the dual-Doppler lidar 
measurements (Sect. 3.1.2). Huang et al. (2008) argue that the energy imbalance can be 
parameterized with ‘universal functions’ of u
*
/w
*
 and zm/zi. Thus, for convective conditions, it 
should be possible to parameterize the energy balance closure for every 30-min period. 
However, this approach was neither applicable to the airborne nor to the tower-based dataset. 
No significant correlation was found with the suggested parameters except for u
*
 alone, for 
which a weak negative dependence was confirmed for the TERENO sites Graswang and Fendt 
(data not shown). The failure of this approach is probably due to the fact that this 
parametrization was developed using LES runs of the homogeneous convective boundary layer 
with a grid resolution (50 x 50 x 20 m) that is not sufficient to represent turbulence in the surface 
layer realistically. Moreover, Monin-Obukhov similarity theory is used for the first grid layer 
of the model grid, which is based on horizontal homogeneity and explicitly does not consider 
turbulent organized structures that obey mixed-layer scaling (Sect. 1.1). In contrast, the lidar 
measurements (e.g. Fig. 3) clearly demonstrated that turbulent organized structures extend 
down into the surface layer. This questions the applicability of current LES models for 
Fig. 5 Bowen ratio of the small-scale turbulence (< 2km, Boss), that is supposed to be measurable with 
EC towers, versus the respective Bowen ratio of the meso-scale range (> 2km, Boms) for the Twin Otter 
aircraft flights during BOREAS and BERMS; the colours and solid contour lines indicate the relative 
error of the sensible heat flux if it was corrected according to the method of Twine et al. (2000) and if 
an energy balance closure of 90% was assumed; the dashed line indicates the assumption of scalar 
similarity, i.e. Boss = Boms (Eder et al. 2014, modified) 
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investigating the energy balance closure problem, unless the simulations are run at a very high 
resolution. 
As an alternative, Panin and Bernhofer (2008) developed an empirical approach that considers 
quasi-stationary heterogeneity-induced secondary circulations as the major reason for the 
energy balance closure problem. Thus, the energy balance closure is supposed to be related to 
the heterogeneity of the surrounding landscape. As heterogeneity index, Panin and Bernhofer 
(2008) suggested the ratio of the effective surface roughness length z0eff to the dominant 
horizontal length scale Leff of the surface roughness patches (Fig. 6). This length scale was 
determined with Fourier analysis from surface roughness maps. Details about this approach and 
its implementation can be found in Panin and Bernhofer (2008) and Eder et al. (2014, Appendix 
B). This parametrization only characterizes the mean energy balance closure of a site. Only the 
data from the Candle lake site (Sect. 2.2) corresponded well with the data that are presented in 
Panin and Bernhofer (2008). For the TERENO sites, this method underestimates the energy 
imbalance, probably because solely the surface roughness heterogeneities were considered. In 
the Candle lake area, the lake-land boundaries are the dominant heterogeneities and they are 
easily captured with the surface roughness, but this approach is not sufficient for the highly 
complex sites in the pre-alpine area. Differences in surface temperature (Maronga and Raasch 
2013; Kang and Lenschow 2014), surface moisture (Higgins et al. 2013; Dixon et al. 2013) and 
topography (Brötz et al. 2014; Wagner et al. 2015) also induce stationary meso-scale structures. 
Unfortunately, the lidar measurements from the HOPE campaign did not give clear evidence 
for strong heterogeneity-induced meso-scale circulations in the ABL. However, at the Yatir 
forest site, the lidar data showed evidence for a heterogeneity-induced circulation on 5 of the 
16 measurement days (Sect 3.1). 
 
 
3.3.2 Friction velocity and low-frequency contributions to wind spectra 
 
The friction velocity u
*
 is the square root of the shear stress divided by the density of the fluid 
(Foken 2008a). It is a very common quality criterion to filter out stable, low-wind conditions 
during night when turbulence is not well developed (Goulden et al. 1996; Barr et al. 2006). 
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Moreover, many studies (Blanken et al. 1997; Wilson et al. 2002; Falge et al. 2005; Hendricks-
Franssen et al. 2010; Stoy et al. 2013; Anderson and Wang 2014) found a negative correlation 
between the energy balance residual QR, 
 
EHGSR QQQQQ 
*
,        (5) 
 
and u
*
. 
For the HOPE campaign (Sect. 2.3), this dependence was confirmed for the energy balance 
station at Selhausen (Fig. 7a), but only a very weak correlation was found for the Merzenhausen 
site (R² = 0.11). This dependence became also evident in the data from the Yatir area in Israel. 
For this dataset, since the ground heat fluxes were not measured, R (Eq. 3) was calculated by 
integrating –QS*, QH and QE over the whole measurement campaign, assuming that the long-
term averages of QG and the heat storage terms are insignificant for this 20-day time period 
(Leuning et al., 2012). The energy balance at the forest site was closed, but a non-closure of 
Fig. 6 Energy balance correction factor kf, which is the inverse of the energy balance ratio (Eq.3), for 
the airborne measurements during BOREAS and BERMS („Candle Lake“) and the EC masts at the 
TERENO sites Graswang, Rottenbuch and Fendt versus heterogeneity index z0eff/Leff ; median values 
and interquartile ranges are displayed; the data shown in Panin and Bernhofer (2008) are indicated as 
grey dots and a fit through these data is displayed as a grey dotted line (Eder et al. 2014) 
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19% was found at the desert site (Eder et al. 2015b, Appendix D). The mean friction velocity 
at the forest site was significantly higher (0.78 m s−1) than at the desert site (0.24 m s−1).  
The dependence on friction velocity illustrates that the energy balance closure improves with 
the intensity of mechanically-induced turbulent mixing. If mixing is strong, the high-frequency 
turbulence that is generated from the wind shear near the surface contributes more to near-
surface exchange, whereas meso-scale structures are less relevant. In order to test this 
hypothesis, wavelet spectra of the three wind components were calculated. Point measurements 
are not able to detect secondary circulations that do not move in space. However, slowly moving 
turbulent organized structures with timescales > 30 min are detectable if the time series is long 
enough. 
For the Yatir measurement campaign, wavelet spectra were calculated from the u, v and w time 
series measured with the sonic anemometers in the desert (Fig. 8a) and the forest (Fig. 8b). 
From the wavelet spectra, the ratio of the low-frequency spectral energy (period > 30 min) to 
the total spectral energy was calculated (Eder et al. 2015b, Appendix D). For the u and v spectra, 
it was found that about 30% of the spectral energy at the desert site originated from low-
frequency fluctuations, but only about 11-12% at the forest site. The low-frequency 
contributions to the w spectra were negligible at both sites. As previously mentioned, the energy 
Fig. 7 Linear regression analysis between the daytime averages of the energy balance residual QR at 
Selhausen and (a) friction velocity u
*
, (b) the vertical gradients of potential temperature Δθ/Δz 
multiplied by cp and (c) specific humidity Δq/Δz multiplied by λ, determined from the HATPRO profiles 
(0 – 250 m a.g.l); days with a mean wind direction from 0° - 135° and less than 50% data availability 
were excluded from the analysis; the specific heat capacity of air at constant pressure cp and the heat of 
vaporization λ were needed for the conversion into energy units; for each data point, only the daytime 
data (0800-1700 UTC) were used and the circle denotes an outlier (Eder et al. 2015a). 
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balance was closed at the forest site, and an imbalance of 19% was found at the desert site. 
Consequently, the poor closure at the desert site is probably due to low-frequency motions that 
are not captured within the 30-minute averaging period of the eddy-covariance method. In the 
roughness sublayer above the forest, however, mixing is very intense and the friction velocities 
are significantly higher. There, the large structures are either (i) broken up into smaller eddies 
or (ii) additional high-frequency turbulence is generated according to the mixing-layer analogy 
(Raupach et al. 1996). As a consequence, the low-frequency contributions are less significant, 
and the energy balance is closed. 
The measured spectra were also compared with the spectral model of Højstrup (1981) that 
explicitly considers the low-frequency contributions of turbulent organized structures to the 
surface-layer horizontal wind components (Fig. 8). The data from the forest site show a good 
agreement, but the measured low-frequency contributions at the desert site were larger than 
predicted by the model. These additional contributions probably originate from secondary 
circulations induced by the forest-desert heterogeneity or by the topography. However, this 
cannot be verified with the present dataset, since no Doppler lidar measurements were 
conducted at the desert site. 
Thus, investigating the u and v spectra may help to identify the presence of meso-scale 
structures. For this reason, a similar analysis was performed for the Selhausen site of the HOPE 
dataset. It was possible to characterize the different energy balance ratios on specific days, e.g. 
Fig. 8 Normalized wavelet spectra of the surface-layer wind components u, v and w from 25 August at 
(a) the desert site and (b) the forest site. The spectra were compared with the spectral model of Højstrup 
(1981), indicated as thin solid lines. The vertical dashed line indicates a period of 30 minutes, i.e. the 
averaging time for the EC measurements (Eder et al. 2015b). 
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7 April and 16 April 2013 (Eder et al. 2015a, Appendix C), but for the whole dataset, a 
correlation analysis between the relative low-frequency contribution to the u spectra  
and the mean daytime energy balance ratio was not conclusive (R² = 0.05). The synoptic 
weather conditions in Central Europe are highly variable, and the veering wind causes low-
frequency fluctuations that are probably not related to meso-scale circulations. As a 
consequence, this approach is only applicable to sites with constant mean wind and constant 
weather conditions, such as the Yatir forest. 
Commonly, low-frequency contributions to surface-layer measurements are assessed with the 
ogive function (Desjardins et al. 1989; Foken et al. 1995), which is the cumulative integral of 
the co-spectrum starting at the highest frequencies. If the normalized ogive function converges 
to unity within the averaging interval of the EC method, all relevant turbulent motions are 
captured. This test was performed with the Yatir dataset (Eder et al., 2015b, Appendix D). At 
the forest site, the ogive functions converged for all fluxes within a period of 30 min (Fig. 9c, 
d). At the desert site, the ogive functions converged for the sensible heat flux (Fig. 9b), but not 
for the momentum flux (Fig. 9a). Thus, low-frequency contributions can be found in the co-
spectrum of u and w, but not in the co-spectrum of w and T. As a consequence, the ogive test 
cannot be applied to the vertical turbulent heat fluxes in order to test for low-frequency 
contributions, because only the momentum flux contains meso-scale flux contributions. A 
virtual control volume approach based on LES (Eder et al. 2015b, Appendix D) confirmed that 
the meso-scale structures do not affect the vertical turbulent heat fluxes in the surface layer. 
The meso-scale structures induce horizontal advection and horizontal flux divergences. 
 
 
3.3.3 Vertical gradients of temperature and humidity 
 
The flux contribution of meso-scale structures could be successfully estimated using an airborne 
platform (Sect. 3.2). However, aircraft data are usually not available for every research site. As 
an alternative, meso-scale fluxes could also be estimated from ground-based remote sensing 
measurements, but only if the instruments are able to measure the instantaneous wind, 
temperature and humidity field over a sufficient large area, i.e. several km, and at a sufficient 
temporal resolution, i.e. at least in the order of tens of seconds. However, such systems are not 
available yet.  
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Nevertheless, Eder et al. (2015a, Appendix C) developed a simple method to indirectly estimate 
the meso-scale flux partitioning, but this requires several assumptions. First, only the daytime 
convective boundary layer above terrestrial ecosystems is considered. Accordingly, the air in 
the surface layer is expected to be warmer and moister than in the overlying mixed layer (Fig. 
10), if no internal boundary layers (Garratt 1990) disturb the local profiles. As a consequence, 
regardless of whether relatively cool and dry air is brought downward or warm and moist air is 
lifted upward, the resulting vertical heat fluxes are always positive. Meso-scale structures are 
supposed to extend over the entire atmospheric boundary layer (Sect. 3.1.2) which means that 
they directly transport air from the surface layer to the mixed layer and vice versa. This leads 
Fig. 9 Ogive analysis for the Yatir measurement campaign. Fourier co-spectra and ogive functions 
normalized by the co-spectrum for momentum flux (a, c) and sensible heat flux (b, d) at the desert site 
(a, b) and the forest site (c, d) on 25 August 2013. The grey line indicates the original co-spectrum, the 
black line the smoothed co-spectrum, the solid coloured lines the normalized ogive function, and the 
horizontal dashed line the respective value of the ogive function at a period of 30 min (Eder et al., 
2015b). 
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to the hypothesis that large differences in potential temperature and specific humidity between 
the surface layer and the mixed layer entail large meso-scale fluxes. If meso-scale fluxes are 
large, eddy-covariance systems should exhibit a poor closure of the surface energy balance. 
This hypothesis was tested with the HOPE dataset (Eder et al. 2015a, Appendix C) by 
performing a correlation analysis between the energy balance residual QR and the vertical 
gradients of temperature and humidity. In a first step, data from problematic wind sectors were 
discarded, since it was found that backwind deficiencies of the CSAT-3 sonic anemometer and 
flow distortion effects due to the tower mountings considerably reduce the energy balance ratio 
R. Moreover, days with precipitation and days with less than 50% data availability were 
excluded from the analysis. Then, the mean daytime QR of Selhausen was compared to the mean 
daytime vertical gradients of temperature and humidity measured with a HATPRO radiometer 
(Fig. 7b, c). A positive correlation with the humidity gradient was found (R² = 0.36), but no 
correlation with the potential temperature gradient (R² = 0.01). Thus, a poor energy balance 
closure predominantly occurred on days with strong differences in humidity between the 
surface layer and the mixed layer, i.e. when the meso-scale latent heat fluxes were large. Since 
no relation between QR and the potential temperature gradient was found, the energy balance 
residual at the Selhausen site should be completely added to the latent heat flux. This finding 
conflicts with the approach of Twine et al. (2000) that assumes scalar similarity, and with the 
suggestion of Brötz et al. (2014) and Charuchittipan et al. (2014) who distribute the residual 
according to the ratio of sensible heat flux to buoyancy flux. The results from the airborne 
measurements during BOREAS and BERMS (Sect. 3.2) also suggest that the majority of the 
energy balance residual should be assigned to the latent heat flux, or it should be distributed 
according to the Bowen ratio. The latter was confirmed for the Merzenhausen site, where Eder 
et al. (2015a, Appendix C) calculated the vertical gradients from the measured turbulent fluxes 
using the universal functions, and found a correlation with both temperature (R² = 0.35) and 
moisture gradients (R² = 0.38). Apparently, the distribution of the meso-scale energy among 
sensible and latent heat seems to be highly dependent on the measurement site. However, at 
least for the data presented in this thesis, it seems likely that the relative underestimation of the 
latent heat flux is either larger than or equal to the underestimation of the sensible heat flux. 
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Fig. 10 Scheme illustrating the meso-scale structures in the atmospheric boundary layer and the mean 
daytime vertical gradients of potential temperature θ and specific humidity q. The meso-scale structures 
either transport warm and moist air upward (1) or cool and dry air downward (2) or cause horizontal 
advection (3), i.e. the sensible (QH) and latent heat fluxes (QE) are always underestimated by the EC 
technique – independent of the measurement location. Strong vertical gradients of θ and q cause large 
meso-scale fluxes of QH and QE (M. Mauder, pers. comm., concept is based on Stull 1988 and Mahrt 
1998) 
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4. Conclusions 
 
For detecting meso-scale structures, the velocity field of the atmospheric boundary layer has to 
be resolved in space and time. Eder et al. (2015a, Appendix C) achieved this with scanning 
Doppler lidars. Using one single device, only a few stationary circulations were detectable, and 
only during periods when the measurement plane was orientated parallel to the mean wind 
direction. The dual-Doppler technique makes it possible to continuously measure the two-
dimensional velocity field in the surface layer. This method proved to deliver robust evidence 
for turbulent organized structures with timescales > 30 min. However, for the HOPE dataset 
(Eder et al. 2015a, Appendix C), these structures were obviously not induced by surface 
heterogeneities, but rather the result of the self-organizing tendency of atmospheric flows. At 
the Yatir site (Eder et al. 2015b, Appendix D), which is characterized by strong surface heat 
flux differences, the lidar measurements provided solid evidence for a heterogeneity-induced 
secondary circulation on 5 of 16 measurement days. Consequently, this work clearly shows that 
turbulence in the surface layer does not purely consist of high-frequency modes, which partially 
invalidates Monin-Obukhov similarity theory. Mixed-layer structures reach close to the surface 
and cause convergences, divergences, and low-frequency motions in the horizontal wind 
components. 
The flux contributions of meso-scale structures to surface sensible and latent heat fluxes were 
successfully estimated from the aircraft measurements of BOREAS and BERMS using wavelet 
analysis (Eder et al. 2014, Appendix B). In particular, it was found that the meso-scale Bowen-
ratio is not necessarily identical to the Bowen ratio of the high-frequency turbulence. During 
the HOPE campaign (Eder et al. 2014, Appendix C), the meso-scale fluxes were indirectly 
estimated from the vertical temperature and humidity gradients in the lower atmospheric 
boundary layer. Both studies show that the flux partitioning in the meso-scale range is highly 
dependent on the measurement site and the meso-scale fluxes tend to have lower Bowen ratios 
that the small scales. Therefore, the universal use of the scalar similarity approach or the 
recently published approach based on the ratio of buoyancy flux to sensible heat flux for closing 
the energy balance cannot be recommended in general. Both methods tend to underestimate the 
latent heat fluxes for the datasets used in thesis.  
No reliable parametrization of the energy balance closure is available at the moment (Eder et 
al. 2014, Appendix B). To provide recommendations for future approaches, atmospheric 
variables and turbulence parameters were compared with the energy balance closure. For the 
datasets collected during HOPE (Eder et al. 2015a, Appendix C), in the Yatir area (Eder et al. 
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2015b, Appendix D) and at the TERENO sites the energy balance closure improved with 
increasing friction velocity, which characterizes the relative importance of the high-frequency 
turbulence for the exchange process. For sites with constant synoptic weather conditions, e.g. 
the Yatir site (Eder et al. 2015b, Appendix D), the energy balance closure is even directly 
inferable from the low-frequency contributions to the surface-layer horizontal wind spectra or 
from the co-spectrum of u and w. However, the surface-layer vertical wind spectra did not show 
considerable energy in the low-frequency range for the HOPE and the Yatir dataset, which 
questions the rationale of the ogive test for detecting low-frequency contributions to turbulent 
heat fluxes. Finally, the vertical gradients of temperature and moisture between the surface layer 
and the mixed layer turned out to be very promising variables for developing a parametrization. 
They correlate with the energy balance closure (Eder at al. 2015a, Appendix C), and in 
particular, the gradients also give hints about how to distribute the energy balance residual 
among sensible and latent heat. 
Thus, further progress is made when surface energy balance measurements are combined with 
a ground-based remote sensing instrument that is able to conduct temperature and moisture 
profile measurements close to the surface and in the mixed layer. Ideally, the remote sensing 
instrument could also measure horizontal gradients over at least a few km, since these gradients 
may also be associated with significant meso-scale fluxes, similar to the vertical gradients. For 
an improved understanding of the underlying processes, high-resolution LES models should be 
consulted that are able to resolve atmospheric turbulence down to a few metres or even 
decimetres above ground. Only under the controlled conditions in a model simulation, the 
different factors affecting the EC flux measurement could be disentangled. 
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I operated the Streamline Doppler lidar during the HOPE campaign and I conducted the 
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